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Abstract    
Subsolidus relations and liquidus boundaries in the Ta2O3-WO3-SiO2 system at 
temperatures ranging from 1200 
o
C to 1500 ºC were investigated. Phase diagrams were 
constructed. Compounds with stiochiometries of Ta22W4O67, Ta2WO8 and Ta16W18O94 
formed in the Ta2O5-WO3 subsystem at 1200 
o
C. SiO2 was compatible with each of the 
compounds. A solid solution with a formula of (1-x) Ta2O5·xWO3 formed on the Ta2O5-
WO3 line in the compositional range of Ta2O5:WO3 > 11:4. SiO2 had a maximum 
solubility of 25% SiO2 in the solid solution. Liquid phase first appeared in the WO3-rich 
corner at 1300 
o
C. As the temperature was increased up to 1500 
o
C, the liquidus area 
boundary gradually expanded towards the SiO2- and the Ta2O5-rich corners.        
Keywords: Tantalum alloy, Tungsten trioxide, Subsolidus relation, Liquidus 
boundary.  
 
1. Introduction    
Tantalum (Ta) and tantalum alloys are widely used in electronics, chemical 
industries, industrial furnace, aerospace, atomic energy due to unique properties such as 
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high density, high melting point, low ductile-to-brittle transition temperature and 
moderately high elastic modulus[1-5]. One particular problem with the Ta and the Ta 
alloys, however, is the poor oxidation resistance. Oxidation of the Ta alloys initiates at a 
temperature as low as 300 
o
C. With increase in temperature, continuous spalling of the 
tantalum oxide from the surface results in complete pulverization of the alloys, a severe 
restriction for the application of the Ta alloys. Generally, coating the alloys with an 
environmental barrier layer could improve the oxidation resistance of the alloys. A more 
attractive route to improve the oxidation resistance, however, is formation of a persistent 
dense layer on the surface by the alloy itself. A thick dense protective layer would 
alleviate oxidation damage of the alloys [6-7].    
Three routes are used in practice to create such an oxidation protective layer on the 
surface of the Ta alloys. The first route is addition of elements with a large solubility in 
the Ta alloys, such as Ti and Hf [8], to enhance mechanical properties and chemical 
stability of the oxides. The second uses elements with ionic radius larger than Ta, such as 
W, Mo, Re and Ir. The large atoms are basic in chemistry. Addition of such atoms 
reduces oxygen diffusion in the oxide layer by compensation of cations in the oxide layer 
[9-10]. The last route uses elements with smaller ionic radius, such as V, Al, Cu and Si. 
The addition of the smaller ions reduces the volume ratio of the oxides, thus alleviates 
spalling of the oxidation products from the surface [12].  In addition, Si reacts with 
tantalum to form various intermetallic compounds of Si3Ta5, SiTa3, Si2Ta and SiTa2 [13]. 
The silicides provide oxidation resistance much better than pure Ta.    
In our previous research on Ta alloy oxidation protection, a liquid phase was found 
to form on the surface of the Ta-W-Si alloy. The liquid phases resulting silica and oxides 
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of tantalum and tungsten could protect the alloy from severe oxidation. Therefore, a 
thorough understanding of the phase relations in the Ta2O5-WO3-SiO2 ternary system 
became necessary in terms of composition design of the Ta alloys.        
The melting point of the pure Ta2O5, WO3 and SiO2 is 1800
 o
C, 1450 
o
C and 1750 
o
C, respectively [14]. The Ta2O5-SiO2 binary system has a eutectic temperature at about 
1550 ºC [15]. Decrease in the melting point with increase in addition of WO3 was 
reported in the Ta2O5-Ta2WO8 (i.e. Ta2O5:WO3 = 1:1) system [16]. In the region near 
Ta2O5, system form solid solution with H-Ta2O5 structure plus liquid phase, and  in 
region of Ta2O5: WO3 > 2:1,  melting incongruently to Ta22W4O67 plus liquid at about 
1580 
o
C [17].  
Neither eutectic point of Ta2O5-WO3 nor relevant eutectic point in WO3-SiO2 
binary system is reported. In this experiment, the formation of liquid phase of Ta2O5-
WO3-SiO2 ternary systems in isothermal section 1300 ℃, 1400 oC and 1500 oC, is 
studied.      
Herein, phase diagrams of the Ta2O5-WO3-SiO2 ternary systems in the temperature 
range of 1300-1500 ºC were investigated. These temperatures were chosen to cover both 
subsoulidus and some important liquidus regions in the systems.        
 
2. Experimental     
Ta2O5 (D50 = 40 μm, purity > 99.9%, Ning Xia Orient Tantalum Industry Co., Ltd., 
China), WO3 (D50 = 20 μm, purity > 99.9%, General Research Institute for Nonferrous 
Metals, Beijing, China) and SiO2 (D50 = 1 μm, purity > 99.0%, Sinopharm Chemical 
Reagent Co., Ltd, China) powders were used as the starting materials. Compositions 
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listed in Table 1 and 2 are chosen for investigations of the subsolidus phase diagrams of 
the Ta2O5-WO3-SiO2 ternary system at 1200 ºC and the liquidus region in the phase 
diagrams at temperatures in the range from 1300 ºC to 1500 ºC, respectively.       
Power mixtures with proper proportions were mixed by hand with an agate pestle 
and mortar for 2 h using anhydrous ethanol as medium. After being dried, batches of the 
power mixtures were dry-pressed in a steel mode with inner diameter of 10 mm at 30 
MPa for 30 s. Sintering of the samples was performed in a muffle furnace. Each sample 
was set in a Al2O3 crucible for sintering. The Al2O3 crucibles were sealed to avoid mass 
loss of the volatile substance at high temperatures.     
According to thermodynamic estimation and experimental observations, liquids 
appear in the Ta2O5-WO3-SiO2 powder mixture above 1300 ºC. Therefore, subsolidus 
phase relations in the Ta2O5-WO3-SiO2 ternary system at 1200 ºC were investigated.  
Holding times at 1200 ºC were varied (typically for 6-72 h) to insure phase equilibrium. 
Phase equilibrium was presumed when the phase compositions in the samples showed no 
more changes by prolonging the sintering time.  Liquidus regions in the phase diagrams 
were determined by observation on melting of the respective samples after heating for 2 h 
at 1300-1500 ºC.      
The as-sintered samples were pulverized by hand with an agate pestle and mortar. 
Phase compositions were investigated by a X-ray diffractometer (XRD-6000,Shimadzu, 
Japan) with Cu Kα radiation in a scanning range of 10-80°. A transmission electron 
microscope (JEM-2100, Jeoll, Japan) fixed with energy-dispersive spectroscopy (EDS) 
was used to investigate the chemistry of the interested phases.      
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3. Results and discussion     
3.1 The binary subsystems    
The Ta2O5-WO3-SiO2 system is consisted of three binary subsystems, namely 
Ta2O5-WO3, Ta2O5-SiO2 and WO3-SiO2. Two modifications of orthorhombic Ta2O5 with 
slight difference in b multiplicity were observed [8]. The low- and the high-temperature 
form of Ta2O5 has a b multiplicity of 14 and 11, respectively. The high-temperature form 
is stable at temperatures > 1350 ºC[18]. In the intermediate range of temperatures, 
partially ordered sequences of the two modifications exist.      
 
3.1.1 The WO3-SiO2 system   
Phase relations in the Si-W-O system were investigated by Beyers et al. No binary 
compound was found. WO3 coexisted with SiO2 [19].       
 
3.1.2 The Ta2O5-SiO2 system  
No compound was formed in the Ta2O5-SiO2 system [14]. A eutectic reaction took 
place at the composition Ta2O5:SiO2 = 1:4 at about 1560 ºC [15]. A solid solution was 
presented in the compositional range SiO2:Ta2O5 from 0 to 1:4. Outside this 
compositional range, Ta2O5 and SiO2 could coexist.     
 
3.1.3 The Ta2O5-WO3 system    
In the Ta2O5-WO3 system, stiochiometric compounds, namely 15Ta2O5·2WO3 
(Ta30W2O81), 11Ta2O5·4WO3 (Ta22W4O67), Ta2O5·WO3 (Ta2WO8), 2Ta2O5·7WO3, 
(Ta4W7O31) and 4Ta2O5·9WO3 (Ta16W18O94) are formed[15,16,19]. Schmid [17] reported 
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a continuous solid solution with a formula of (1-x) Ta2O5·xWO3 at 0-26.67 mol.% WO3. 
A tetragonal tungsten bronze phase with a chemistry close to 2Ta2O5·7WO3 was reported. 
At the Ta2O5-rich coiner, an ordered tetragonal tungsten bronze phase with a composition 
of 4Ta2O5·9WO3 exists at temperatures above 1100 ºC[20].          
Four samples, i.e. TWS X50, TWS 850, TWS 7A0 and TWS X52 (refer to Table 1) 
were prepared to investigate reactions in the Ta2O5-WO3 binary system.  
The XRD analysis results of the as-sintered samples are shown in Fig. 1 and Table 1. 
Only Ta2O5 phase was distinguished in the TWS X50 sample. A significant shift in the 
diffraction peaks of the Ta2O5 phase to higher angles indicated formation of a solid 
solution. When part of the larger Ta atoms (atom radius 209 pm) was replaced by W 
atoms with a smaller atom radius of 202 pm, decrease in the Ta2O5 lattice dimension 
would shift the XRD peaks of the solid solution to higher angles.     
Schmid [17] showed formation of a continuous solid solution in the composition 
range of WO3:Ta2O5 from 0 up to 4:11. The TWS 850 sample was consisted of two 
phases of Ta22W4O67 and Ta2WO8, confirming the solubility limit of WO3 in the Ta2O5 
lattice.      
The composition of the TWS 7A0 sample was laid in the region of Ta2O5:WO3 < 1:1. 
Two phases of Ta2WO8 and Ta16W18O94 were identified by XRD, (Fig. 1 and Table 1). In 
the WO3-rich corner, the TWS 150 sample was consisted of two phases, Ta16W18O94 and 
WO3 in the XRD pattern, (Fig. 1 and Table 1).     
The reactions in those samples reacted as following: 
TWS X50: 33 Ta2O5 + 5WO3→ 0.87Ta2O5*0.13WO3 (SS); 
TWS 850 : 8Ta2O5 + 5WO3 →  0.46Ta22W4O67 + 3Ta2WO8 ; 
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TWS 7A0:7Ta2O5 + 10WO3→  4.5Ta2WO8 + 0.31Ta16W18O94; 
TWS 150:Ta2O5 + 5WO3 →  0.125Ta16W18O94 + 2.75WO3. 
In summary, the Ta2O5-WO3 binary system was consisted of  a solid solution with a 
formula of (1-x)Ta2O5·xWO3 in the composition range of Ta2O5-Ta22W4O67, while, two 
phase region is found from the compound Ta2WO8  to  WO3. 
 
3.2 The Ta2O5-WO3-SiO2 ternary system      
3.2.1 Subsolidus phase relations    
Fig. 2 is a ternary-phase diagram predicated by the Ta2O5-WO3, Ta2O5-SiO2 and 
WO3-SiO2 binary subsystems. Four compositions TWS X52, TWS 852, TWS 7A4 and 
TWS 152 (refer to Table 1) were selected to verify the phase relations. These 
compositions were marked by the dots in Fig. 2.     
SiO2 was not found in the XRD pattern, Fig. 3, of the TWS X52 sample (refer to 
Table 1). Simultaneously, the diffraction peaks of the (1-x)Ta2O5·xWO3 were further 
shifted to lower angles, indicating incorporation of SiO2 into the lattice to expand the 
solid solution along the compositional line of 11Ta2O5·4WO3-SiO2. For explanation of 
the lattice expansion, O vacancies had to be involved, because when Si1.5O3 substituted 
for WO3 with avoidance of forming O vacancies, replacement of 1 mole W with a cation 
radius of 202 pm by 1.5 mole Si with a cation radius of 146 pm would expand the lattice.      
The solubility limit of SiO2 in the 11Ta2O5·4WO3 was determined by the TWS X5X 
sample. Because the TWS X5X sample contained more SiO2, strong diffraction peaks of 
the SiO2 phase were presented in the XRD pattern of the TWS X5X sample, showing a  
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solubility limit of SiO2 in the 11Ta2O5·4WO3 similar to that in the SiO2-Ta2O5 binary 
system.    
The XRD patterns of the TWS 852, the TWS 7A4 and the TWS 152 sample are 
shown in Fig. 4. Compatibility of SiO2 with the compounds in the Ta2O5-WO3 binary 
system was demonstrated. Ta2O5 and WO3 reacted in the Ta2O5-WO3 binary system. SiO2 
did not take part in these reactions.       
According to above analysis, the subsolidus phase diagram of the Ta2O5-WO3-SiO2 
ternary system was constructed. The result is shown in Fig 5. Three three-phase 
compatibility regions, one continues solid solution and a solid solution region compatible 
with SiO2 are contained in the diagram.         
 
3.2.2  Liquidus region at 1300 ºC and above       
The compositions of the samples selected to test the liquidus region at 1300-1500 ºC 
are listed in Table 2. XRD patterns of the samples showed the same phase relations as 
that were depicted by the subsolidus phase diagram in Fig. 3. In the experiments, 
appearance of liquid was judged from the melting behavior of the samples. Although 
some samples did not melt completely, the characteristic deformation of the samples 
indicated coexistence of liquid(L) with solid phase(S). A typical SEM micrograph the 
TWS 111 sample after slow cooling are showed in Fig. 6. Precipitation of dendrite crystal 
indicated presence of a melt at high temperature up to 1500 ºC.    
The compositions of the TWS 091 and TWS 041 samples were located in the SiO2-
WO3 binary system. Both melted completely at 1300 ºC. The TWS182 sample had a 
composition near this region. It also melted. According to these data, the liquidus region 
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on the SiO2-WO3 line at 1300 ºC was set in the compositional range of SiO2:WO3 = 0.7-
0.9.    
As the temperature increased, the liquidus region in the phase diagram expanded, 
especially in the samples containing a high concentration of WO3. In detail, the liquidus 
region in the SiO2-WO3 binary system reached the composition of 40% SiO2-60% WO3 
at 1400 ºC; it was further enlarged to reach 30% WO3. The Ta2O5-WO3 expanded the 
liquidus region up to 75% WO3 at 1400 ºC, while complete melting of the sample 
TWS7A0 and coexistence of liquid(s) and solid(s) in the TW9A0 indicated expansion of 
the boundary of the liquidus region up to the composition of Ta2WO8.     
Similarly, the ternary system expanded the boundary of the liquidus region up to the 
composition of 6SiO2·4Ta2O5·9WO3 (sample TWS 496) at 1400 ºC. Only the SiO2- and 
the Ta2O5-rich corners remained solid at 1500 ºC. The liquid regions of the ternary 
system at 1300-1500 ºC are show in Fig. 7. 
 
4. Conclusions 
(1) Subsolidus relations at 1200 ºC and liquid formation in the temperature range 
1300-1500 ºC in the Ta2O3-WO3-SiO2 system and the correlated subsystems were 
investigated. A subsolidus phase diagram and a phase diagram with illustration of the 
liquidus region were constructed.      
(2) In the Ta2O5-WO3 subsystem, formation of compounds with stiochiometric 
compositions Ta22W4O67, Ta2WO8and Ta16W18O94 was verified at 1200 ºC. When SiO2 
was added, compatibility of SiO2 with each of the stiochiometric compounds was 
demonstrated.     
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(3) A solid solution with a formula of (1-x) Ta2O5·xWO3 was formed on the Ta2O5-
WO3 line in the compositional range of Ta2O5:WO3 > 11. SiO2 could dissolve in the solid 
solution with a maximum solubility of 25% SiO2.     
(4) Liquid phase first appeared in the Ta2O3-WO3-SiO2 ternary system at 1300 ºC in 
the WO3-rich corner. As the temperatures increased, the boundary of the liquidus area 
expanded towards the SiO2- and the Ta2O5-rich corners.     
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5. Tables and table captions     
Table 1 Sample composition and XRD analysis result after sintering at 1200 ºC.      
Sample  Composition (mole) Phase component  
Ta2O5 WO3 SiO2 
TWS X50 33 5 0 Ta2O5（SS） 
TWS 850 8 5 0 Ta22W4O67, Ta2WO8 
TWS 7A0 7 10 0 Ta2WO8, Ta16W18O94 
TWS 150 1 5 0 Ta16W18O94, WO3 
TWS X52 33 5 2 Ta2O5(SS)  
TWS 852 8 5 2 Ta22W4O67, Ta2WO8, SiO2 
TWS 7A4 7 10 4 Ta2WO8, Ta16W18O94, SiO2 
TWS 152 1 5 2 Ta16W18O94, WO3, SiO2 
TWS X5X 33 5 33 Ta2O5 (SS), SiO2 
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Table 2 Sample composition and XRD analysis result after sintering at 1300-1500 
ºC.        
Sample Composition (mole) Phase component at different 
temperatures. L = liquid and S = solid.  
Ta2O5 WO3 SiO2 1300 ºC  1400 ºC 1500 ºC 
TWS 091 0 9 1 L   
TWS 041 0 4 1 L   
TWS 073 0 7 3 L+S   
TWS 182 1 8 2 L   
TWS 3Y4 3 16 4 L+S   
TWS 191 1 9 1 L+S   
TWS M61 0.7 6 1 L+S   
TWS 496 4 9 6  L  
TWS 046 0 4 6  L+S  
TWS 055 0 5 5  L  
TWS 130 1 3 0  L  
TWS 131 1 3 1  L  
TWS 490 4 9 0  S  
TWS 14N 1 4 25  S  
TWS 14F 1 4 15  S  
TWS 53P 5 3 20  S  
TWS 7A4 1 3 1   L 
TWS 7A0 4 9 0   L 
TWS 14N 1 4 25   L 
TWS 14F 1 4 15   L+S 
TWS 53P 5 3 20   L 
TWS 111 1 1 1   S 
TWS 11C 1 1 12   S 
TWS 14F 1 4 15   S 
TWS 56P 5 6 20   S 
TWS 1H4 1 0.9 4   L 
TWS 52P 5 2 20   L+S 
TWS 1M5 1 0.7 5   S 
TWS 53K 5 3 16.5   L 
TWS 115 1 1 5   S 
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Figure 5 
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Figure 6 
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Figure 7 
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Highlights 
 
• We think that two aspects of the manuscript make it interesting to the 
ceramic research community. (1) Formation of a solid solution SiO2-(1-
x)·Ta2O5·xWO3 in the ternary system was revealed. The determined phase 
relations could be a reliable reference to compatibility of the compounds in 
the system.      
• (2) The liquid formation region was experimentally determined in the ternary 
system in the temperature range of 1300-1500 ºC. This could be of 
importance in view of understanding oxidation behavior of the Ta-W-Si 
alloys. Composition design for Ta-based alloys with better oxidation 
resistant could be benefitted from such a detailed phase diagram.    
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